A ggression is a pervasive, innate social behavior, most commonly displayed in the interactions between males of the same species 1 , while female aggression is rarer and typically expressed in the protection of offspring 1, 2 . Rodent intermale aggressive behavior follows a stereotyped escalating pattern that ceases once one combatant assumes a submissive posture 3 . Thus, rather than aiming to inflict physical injury, typical intermale aggression serves to establish interindividual hierarchy and is integral to determining social rank and construct societal structure. When physiological aggression goes beyond its normal boundaries, such as in pathological forms of violence 4 , societal structure is threatened. Early studies in cat 5 and rodents 6 identified a hypothalamic rostrocaudal column designated the 'hypothalamic attack area' , which, when stimulated, elicits attack 6, 7 . Subsequent investigations have revealed a number of nuclei involved in aggression, including the ventrolateral subdivision of the ventromedial hypothalamic nucleus (VMHvl) 8 , the lateral septum 9 , basal forebrain 10 , and medial amygdala 11 . While these structures mediate acute attack behavior, few if any have been implicated in the physiological function of intermale aggression: the establishment of interindividual hierarchy. Furthermore, the circuit structure and properties underlying aggression remain elusive. Current understanding of the underlying neuronal substrates is insufficient to explain the salient features of this behavior, such as its persistence upon removal of the stimulus that triggered it (hysteresis) 12, 13 . Similarly, while aggression has been associated with rewarding properties 10 , the network underlying this feature is largely unknown. Here we addressed how a neuronal circuit that generates and coordinates the behavioral components of aggression is organized and how this circuit's activity translates to the establishment of interindividual hierarchy.
1
, while female aggression is rarer and typically expressed in the protection of offspring 1, 2 . Rodent intermale aggressive behavior follows a stereotyped escalating pattern that ceases once one combatant assumes a submissive posture 3 . Thus, rather than aiming to inflict physical injury, typical intermale aggression serves to establish interindividual hierarchy and is integral to determining social rank and construct societal structure. When physiological aggression goes beyond its normal boundaries, such as in pathological forms of violence 4 , societal structure is threatened. Early studies in cat 5 and rodents 6 identified a hypothalamic rostrocaudal column designated the 'hypothalamic attack area' , which, when stimulated, elicits attack 6, 7 . Subsequent investigations have revealed a number of nuclei involved in aggression, including the ventrolateral subdivision of the ventromedial hypothalamic nucleus (VMHvl) 8 , the lateral septum 9 , basal forebrain 10 , and medial amygdala 11 . While these structures mediate acute attack behavior, few if any have been implicated in the physiological function of intermale aggression: the establishment of interindividual hierarchy. Furthermore, the circuit structure and properties underlying aggression remain elusive. Current understanding of the underlying neuronal substrates is insufficient to explain the salient features of this behavior, such as its persistence upon removal of the stimulus that triggered it (hysteresis) 12, 13 . Similarly, while aggression has been associated with rewarding properties 10 , the network underlying this feature is largely unknown. Here we addressed how a neuronal circuit that generates and coordinates the behavioral components of aggression is organized and how this circuit's activity translates to the establishment of interindividual hierarchy.
We focused on the hypothalamic ventral premammillary nucleus (PMv), a nucleus that has been implicated in reproductive maturation 14 , as well as in aspects of social behaviors such as close investigation, mating, and intermale and maternal aggression [15] [16] [17] [18] [19] . Notably, the PMv is reciprocally connected to several of the other nuclei within the hypothalamic attack area 20, 21 , suggesting that it may play a central role in aggressive behavior. Neurons in this nucleus are virtually exclusively glutamatergic 22 , including a subset of neurons also expressing the dopamine transporter (DAT) 23 ( Supplementary  Fig. 1d-g ) that are unlikely to be dopaminergic, as (for example) they do not contain tyrosine hydroxylase 18 . Here we used DAT-Cre mice to genetically tag these glutamatergic neurons (PMv DAT ) and investigate their properties and role in aggression.
Results

PMv
DAT neuron activity during aggression. DAT + neurons make up 34% of PMv neurons and are evenly distributed throughout the nucleus (Fig. 1a-c and Supplementary Fig. 1a-c) . We first addressed whether PMv DAT neuron activity is related to aggressive behavior and aggression phenotype. Male mice were screened for aggressive behavior in the resident-intruder (RI) assay 24 : 77% of all residents were aggressors (AGGs) and 23% were nonaggressors (NONs; Fig. 1d ). Repeated daily RI tests increased aggressiveness in the AGGs but did not change the phenotype of NONs (Fig. 1e,f) . We next compared brain activation patterns of AGGs versus NONs using the immediate early gene product c-Fos 25, 26 , which is induced in the PMv after exposure to conflict [16] [17] [18] . After RI testing ( Supplementary Fig. 1h ), PMv neurons were significantly more activated in AGGs than in NONs (Fig. 1g,h and Supplementary  Fig. 1i-q) , while in AGGs exposed to intruder bedding (odor), there was a mild increase (Fig. 1h) . In AGGs, attack duration was correlated to the proportion of c-Fos
+ co-localizing neurons (Fig. 1i) , but not to the total number of c-Fos + neurons in the PMv ( Supplementary Fig. 1r ), specifically associating PMv DAT neurons with activation during aggression. We also observed an activation of the PMv DAT cells in the intruder (44.82 ± 12.43% of DAT + cells immunoreactive for c-Fos; not shown), in agreement with a recent report 18 . To address whether the excitability of PMv DAT neurons in residents differs depending on phenotype, neuronal activity was investigated through whole-cell patch-clamp recordings of hypothalamic slices from AGGs and NONs. PMv DAT neurons from AGGs typically discharged tonically, whereas in NONs these neurons neuron optogenetic stimulation in AGGs increased the duration of close investigation, while higher-intensity levels elicited attack behavior (Fig. 2c,g ). Both attack probability and intensity were increased in response to high-intensity stimulation in AGGs, with 86% of trials evoking attack behavior with similar attack bout duration in response to castrated (n = 58) and ovariectomized intruders (n = 23; Fig. 2d -f and Supplementary Videos 1 and 2). Notably, the lag from light-onset to start of attack was significantly briefer than the lag from light-termination to end of attack (Fig. 2e) . Often, brief (< 20 s) ChR2 stimulation induced long attack episodes lasting over several minutes, indicative of a striking hysteresis effect. PMv DAT stimulation in AGGs did not, however, evoke attack against inanimate objects in repeated trials ( Supplementary Fig. 3a-d) . In NONs, ChR2 stimulation of PMv DAT neurons evoked an intensitydependent increase in close investigation duration but no escalation to aggression (Fig. 2h-j) .
To test the effect of acute silencing of PMv DAT neurons in intermale aggressive behavior, we performed in vivo eNpHR3 stimulation in AGGs, using intact male intruders, a setup with high levels of baseline aggression in the RI test (Fig. 2k,l) . Optogenetic silencing of PMv DAT neurons in residents during charging (i.e., assuming body position with access to the intruder's back) impeded the naturally occurring transition to attack (Fig. 2m,n) . eNpHR3 stimulation during an ongoing attack ended the attack, reducing average attack bout duration (Fig. 2m ,o,p and Supplementary Video 3). To examine the effects of chronic ablation of PMv DAT neurons on aggressive behavior in AGGs, we stereotactically introduced Cre-dependent diphtheria toxin A subunit, resulting in an average loss of 77% of the PMv DAT cells ( Supplementary Fig. 4a-d) . In contrast, the sizes of DAT + populations 'flanking' the PMv injection site (midbrain and arcuate dopamine neurons) were not affected ( Supplementary  Fig. 4e-j) , suggesting a PMv-restricted lesion. In PMv DAT -ablated AGG residents, aggression (including intensity, quantified as attack duration; probability, as evidenced in latency to first attack; and attack frequency versus remaining number of PMv DAT cells) was markedly reduced in the RI test ( Supplementary Fig. 4k ,l,n), yet mating behavior was not disturbed (Supplementary Fig. 4o-q) . These results suggest that PMv DAT neuron activity is necessary and sufficient for the expression of aggressive behavior.
Mechanisms for reverberation of neuronal activity in PMv.
A striking observation in the optogenetic experiments in AGGs during RI testing was the persistence of attack behavior outlasting the ChR2 stimulation (Fig. 2c,e) . Hysteresis is a common attribute of emotional states including aggression 12, 13, 27 , yet little is known about the underlying neural mechanisms. The PMv DAT neurons were investigated in vitro for features that could explain how a transient trigger may result in enduring circuit activation. In PMv DAT whole-cell recordings, brief (0.5 s) positive current pulses were followed by long-lasting (~18 s) repetitive bursting, a phenomenon that persisted in the presence of tetrodotoxin (TTX; Fig. 3a) . Similarly, optogenetic pulses (3-s duration, 5 Hz, 5 ms) also evoked repetitive firing ( Supplementary Fig. 5n-p) . Brief (1 s) negative current pulses resulted in an oscillatory postinhibitory rebound (PIR), similarly followed by regenerative bursting, which in the presence of TTX took the shape of a prolonged plateau potential (Fig. 3b) . Negative current pulses revealed a depolarizing 'sag' (indicative of the hyperpolarization-activated cation current, I h , a common feature of rhythmogenic cells), followed by a PIR (Fig. 3b and Supplementary Fig. 6a ). Application of an I h antagonist, ZD-7288, abolished the sag, and co-application of ML-218, a selective T-type low-voltage activated Ca 2+ current antagonist, abolished the PIR (Supplementary Fig. 6a ) and the repetitive bursting after brief stimulation (not shown). PMv DAT neurons thus have a capacity for both excitation-and inhibition-triggered reverberatory discharge, likely mediated by a cyclical interaction of I h and I T , similar to the neuronal architecture of for example, the thalamus 28 .
To explore whether intranuclear interconnectivity can provide a source of excitation to trigger repetitive bursting, we performed paired whole-cell recordings of PMv DAT neurons. Reciprocal synaptic connectivity was commonly observed (n = 5 of 11 pairs). Evoked action potentials reliably elicited brief-latency excitatory postsynaptic potentials blocked by the AMPA and NMDA glutamate receptor antagonists CNQX and AP5 (Fig. 3c-e) . Reconstruction of synaptically connected PMv DAT neuron pairs revealed closely apposed cell processes indicative of interconnectivity (Fig. 3f) . Individual reconstructed PMv DAT neurons exhibited extensive arborization within the PMv borders, enveloping several other neighboring PMv DAT neurons ( Supplementary Fig. 6b-j) . Lastly, PMv DAT neuron contralateral projections were observed 20 ( Supplementary Fig. 6k ,l); these could synchronize and sustain reverberatory activity in PMv nuclei between hemispheres.
Optogenetic experiments provided further evidence for recurrent synaptic excitation among PMv DAT cells. The compound depolarization that follows a light-evoked action potential in ChR2-eYFP-expressing PMv DAT neurons ( Supplementary Fig. 5a ,b) was unaffected by blockade of GABA A receptors (with gabazine) or polysynaptic relay (with TTX and 4AP), but diminished in amplitude and time constant under glutamate receptor blockade (CNQX and AP5; Supplementary Fig. 5b,c) . Following brief (20 Hz, 5 ms; 500-ms duration) optogenetic train stimulation, excitatory postsynaptic currents increased in frequency and amplitude 10 s poststimulation, suggestive of interconnectivity and reverberation of activity within PMv ( Supplementary Fig. 5e-j) . PMv DAT neurons also formed excitatory monosynaptic contacts with DAT -PMv neurons ( Supplementary Fig. 5k-m) .
The VMHvl is a nucleus of key importance in social behaviors, including attack behavior 13, 16, 29, 30 , and is a target of projections from the PMv
18
. Antero-and retrograde tracing demonstrated that PMv DAT neurons are a source of innervation of the VMHvl ( Supplementary  Fig. 7a -c,h-k). By performing in vitro functional connectivity experiments, we found that the majority of recorded and reconstructed VMHvl neurons receive strong monosynaptic glutamatergic input from PMv DAT neurons (Fig. 3g-i and Supplementary  Fig. 8a-g ). VMHvl neurons expressing estrogen receptor-α , which comprise a VMHvl subpopulation specifically implicated in intermale social behavior 13 , are surrounded by dense PMv DAT neuron fibers ( Supplementary Fig. 8h,i) . Furthermore, VMHvl neurons receiving input from PMv DAT cells were found to project back to the PMv (Fig. 3j-l) , suggesting a feedforward excitation loop, since the majority of VMHvl neurons are glutamatergic 22, 31 . Lastly, ChR2-mediated stimulation of PMv DAT neuron terminals evoked multiple
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NATuRe NeuRoScIeNce spikes in VMHvl cells, with the majority of these neurons exhibiting PIR ( Supplementary Fig. 8j -n). These data identify a combination of intrinsic membrane properties of PMv DAT neurons, their intrinsic recurrent excitatory connectivity, and their reciprocal glutamatergic projections to a major target nucleus (VMHvl), which may act in synergy to contribute to hysteresis in aggression.
PMv target-specific attack and reward behavior. Aggression has been shown to be inherently rewarding in a number of studies 32, 33 . Using the real-time place-preference test, we observed a clear bias toward the area associated with ChR2 stimulation of PMv DAT neurons ( Supplementary Fig. 9a-c) . Conversely, optogenetic eNpHR3-mediated inhibition of PMv DAT neurons resulted in real-time place aversion of even greater amplitude ( Supplementary Fig. 9d-f) . To elucidate whether modulation of PMv DAT neuron activity can alter other reward-and anxiety-related behaviors, we performed a battery of tests ( Supplementary Figs. 10 and 11) . Stimulation of PMv DAT cells was found to potentiate cocaine-related conditioned place preference (CPP; Supplementary Fig. 10 ) suggesting that these cells (or of their downstream targets) may be involved in general DAT and total number of PMv neurons ('All') in 14-μ m sections (n = 10 mice per group, two-tailed unpaired t test, P < 0.0001). d, Schematic illustration and outcome of aggression screening in RI test. Green, resident; white, intruder. e, Attack duration (n = 42 AGGs and n = 17 NONs, one-way ANOVA with Tukey's test, day 1 vs. day 2, P < 0.0001; day 2 vs. day 3, P = 0.0003). f, Latency to attack (n = 42 AGGs, KruskalWallis test followed by Dunn's test for pairwise comparisons, day 1 vs. day 2, P < 0.0001; day 2 vs. day 3, P = 0.8605). g, c-Fos immunoreactivity in AGG in PMv post-RI test against an intruder (n = 13 mice; see Supplementary Fig. 1 ). h, Number of c-Fos immunoreactive neurons in PMv with and without introduction of intruder and intruder bedding (control (group of AGGs alone in cage) n = 9, AGGs vs. intruder n = 13, NONs vs. intruder n = 7, AGGs vs. odor (bedding) n = 5, one-way ANOVA with Tukey's test, AGGs vs. intruder compared to AGGs alone in cage, P < 0.0001; AGGs vs. intruder compared to NONs vs. intruder, P = 0.0009; AGGs vs. intruder compared to AGGs exposed to odor in homecage, P = 0.0120). i, Linear regression of attack duration and proportion of c-Fos + PMv DAT neurons (n = 13, P = 0.0003, R 2 = 0.70). The dashed grey lines define the 95% confidence intervals. j, Representative PMv DAT neuron activity and number of neurons exhibiting tonic firing (black) or a quiescent resting potential (grey) in AGGs and NONs. k, Firing frequency (n = 32 cells from 11 AGGs, n = 15 cells from 7 NONs, two-tailed unpaired t test, P = 0.0005). l, Membrane potential of PMv DAT neurons in AGGs and NONs (n = 32 cells from 11 AGGs, n = 15 cells from 7 NONs, two-tailed unpaired t test, P = 0.0001). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, nonsignificant. Data expressed as mean ± s.e.m. Scale bars, 100 μ m.
NATuRe NeuRoScIeNce reward-related behaviors. However, anxiety-type behaviors, as tested in the open field arena and the elevated plus maze remained unchanged along PMv DAT neuron activation, inhibition, and genetic lesion ( Supplementary Fig. 11 ).
We next addressed the possibility that separate downstream targets of the PMv mediate these two aspects of aggression: attack behavior and reward. As a first step, we examined the efferent anatomical projections of PMv DAT neurons. Multiple brain nuclei (p) Attack bout duration upon photoinhibition in eYFP and eNpHR3 AGGs (average per individual animal, n = 12 eYFP AGGs and n = 15 eNpHR3 AGGs, two-tailed unpaired t test, P = 0.0210). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, nonsignificant. In bar graphs, data are expressed as mean ± s.e.m. In box-and-whisker plots, center lines indicate medians, box edges represent the interquartile range, and whiskers extend to the minimal and maximal values. Scale bars, 100 μ m.
NATuRe NeuRoScIeNce receive projections from the PMv 18, 20 . Among the innervated areas is the posterior hypothalamus 18 . In mice expressing ChR2-eYFP in PMv DAT neurons, we observed particularly dense innervation of the supramammillary nucleus (SuM; Supplementary Fig. 7a,b,d ). The existence of a PMv→ SuM projection was further corroborated by injection of green retrobeads into the SuM, which could be observed within ipsilateral PMv DAT neurons ( Supplementary  Fig. 7l-o) . Functional PMv→ SuM connectivity was assessed in slice-recording experiments, where the majority of randomly selected SuM neurons (n = 5 of 6) exhibited large-amplitude CNQX-and AP5-sensitive excitatory postsynaptic currents following optogenetic stimulation of PMv DAT neuron terminals (Supplementary Fig. 7e-g ).
The SuM has been implicated in reinforcement in self-administration experiments 34, 35 . Our results thus indicate that PMv DAT neurons innervate both VMHvl, which is involved in attack behavior 16, 36 , and SuM, which mediates reward responses. Therefore, we investigated whether anatomically restricted excitation of PMv DAT terminals in (l) Averaged lEPSCs amplitude evoked on baseline (green), in gabazine (blue), TTX and 4AP (red), and in CNQX and AP5 (black; n = 7 per group, oneway ANOVA with Tukey's test: baseline vs. gabazine, P = 0.9481; gabazine vs. TTX + 4AP, P = 0.0012; TTX + 4AP vs. CNQX + AP5, P = 0.0001). Shaded region represents the standard error. The vertical scale bar defines current and the horizontal scale bar time. **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, nonsignificant. In bar graphs, data are expressed as mean ± s.e.m. In box-and-whisker plots, center lines indicate medians, box edges represent the interquartile range, and whiskers extend to the minimal and maximal values. Scale bars, 50 μ m (f), 20 μ m (h,k).
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either VMHvl or SuM is selectively linked to the attack and reward components of intermale aggressive behavior.
Optogenetic fiber implants were placed above the VMHvl or SuM in DAT-Cre ChR2 PMv-transduced AGGs, to selectively excite either of the two structures in vivo (Fig. 4a,b) . Photostimulation of PMv DAT glutamatergic terminals in VMHvl or SuM had a local effect, as quantified through c-Fos expression ( Supplementary   Fig. 12a-f ). Optogenetic stimulation of PMv DAT terminals in the VMHvl during RI tests resulted in similar levels of aggression to that elicited by PMv DAT cell-soma stimulation, measured as the total number of trials with attack behavior and total duration of attack behavior against castrated intruders (n = 12-31 mice per group, twotailed unpaired t test, P > 0.05; data not shown). In contrast, stimulation of the PMv DAT terminals in SuM resulted in minimal levels of n, Subtracted CPP (n = 5 trials with 5 mice per group, one-way ANOVA with Tukey's test; eYFP in PMv vs. ChR2 in PMv and fibers in PMv AGGs, P = 0.0422; ChR2 in PMv and fibers in PMv AGGs vs. ChR2 in PMv and fibers in SuM AGGs, P = 0.6229). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, nonsignificant. In bar graphs, data are expressed as mean ± s.e.m. In box-and-whisker plots, center lines indicate medians, box edges represent the interquartile range, and whiskers extend to the minimal and maximal values.
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NATuRe NeuRoScIeNce aggression compared to stimulation of PMv DAT terminals in VMHvl or PMv DAT cell somata (Fig. 4c-e) . However, PMv DAT terminal stimulation in SuM, but not VMHvl, evoked real-time place preference ( Fig. 4f,g; effect not different from PMv DAT cell soma stimulation, n = 8-15 mice per group, two-tailed unpaired t test, P > 0.05).
To further investigate the role of PMv DAT neurons and the PMv DAT → SuM projection in aggression reward, an aggressionbased CPP procedure 10 was used (Fig. 4h ). AGGs were enrolled in a consecutive 5-d CPP test, during which they developed a CPP for the intruder-paired context. The CPP test consisted of a no-stimulation session and a photostimulation session, which were compared to specifically evaluate the role of the circuit in aggression reward. Stimulation of PMv DAT neurons and the PMv DAT → SuM projection promoted the expression of CPP (Fig. 4i-n) . Taken together, these experiments show that the PMv monosynaptic targets, VMHvl and SuM, specifically recruit two different behavioral aspects of aggression, the consummatory behavior component (attack) and aggression reward, respectively.
PMv
DAT activity and intermale hierarchy. In a final set of experiments, we addressed an issue that has received little attention: whether and how the brain networks involved in intermale aggressive behavior also contribute to its ethological function, establishing social rank among individuals of a population [37] [38] [39] [40] [41] . To this end, we tested whether simultaneous manipulation of PMv DAT neuron activity in two individuals with a dominant-subordinate (D-S) relationship can alter the hierarchy within the pair during an agonistic encounter. An adaptation of the tube test [41] [42] [43] , the hierarchy corridor test (HCT), was used to assess social rank between pairs of AGGs ( Supplementary Fig. 13a-d and see Methods). D-S pairs expressing eNpHR3 and ChR2 in PMv DAT neurons, respectively (Fig. 5a,b) , were used in a 14-d experimental protocol in the HCT (Fig. 5c) . Day 1 included a pretest session in which the D-S relationship was verified, followed by a photostimulation session with concurrent eNpHR3-mediated silencing and ChR2-mediated activation of PMv DAT neurons in the D and S subjects, respectively. The photostimulation session was followed by a period with no photostimulation to assess the persistence of an induced change in the HCT-determined hierarchy score. Lastly, each D-S pair was followed for a period of 2 weeks that included 4 additional HCT sampling days to assess the persistence or reestablishment of hierarchy in the HCT compared with initial conditions. Acute manipulation of PMv DAT neuron activity via photostimulation inverted social rank during the session as measured in the HCT in all pairs. Notably, this shift persisted throughout the entire 14-d period; only 1 of 7 pairs reverted to the original hierarchy (h) Attack frequency (number) on application of the experimental design used in the HCT test (n = 5 trials per mice for the eYFP and n = 9 trials per mice for the ChR2 group, two-tailed unpaired t test; day 1 prestimulation of eYFP vs. day 1 prestimulation of ChR2 animals, P = 0.1697; day 1 stimulation of eYFP vs. day 1 stimulation of ChR2 animals, P = 0.0067; day 1 poststimulation of eYFP vs. day 1 poststimulation of ChR2 animals P = 0.0387, day 2 poststimulation of eYFP vs. day 2 poststimulation of ChR2 animals P = 0.6691, day 4 poststimulation of eYFP vs. day 4 poststimulation of ChR2 animals P = 0.6396, day 7 poststimulation of eYFP vs. day 7 poststimulation of ChR2 animals P = 0.6409, day 14 poststimulation of eYFP vs. day 14 poststimulation of ChR2 animals P = 0.6607). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, nonsignificant. In box-and-whisker plots, center lines indicate medians, box edges represent the interquartile range, and whiskers extend to the minimal and maximal values.
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NATuRe NeuRoScIeNce relationship on the last day of testing (Fig. 5d,e, Supplementary  Fig. 14a-f , and Supplementary Videos 4-6).
To address whether the switch in hierarchy in the pairs was due to a long-lasting increase in aggression via the ChR2 stimulation of PMv DAT cells, the experimental schedule used in the HCT was applied in RI testing (Fig. 5f ). The resident was exposed to a new intruder on each experimental day to ensure high levels of aggression. As expected, optogenetic stimulation of PMv DAT neurons induced an immediate increase in aggression levels. This increase was, however, abolished on the following day, and aggression remained at prestimulation levels for the entire testing period (Fig. 5g-h) . Thus, the switch in dominance is unlikely to be the result of a persistent elevation of aggression, and rather is contextually dependent on place and/or the specific pair of mice. These data causally implicate PMv DAT neurons in functional intermale aggression and identify the PMv as an organizing node in the neural circuit underlying behaviors that determine intermale social rank.
Discussion
Identifying the neural circuit organization that drives different behaviors is a central goal in neuroscience, and the advance of in vivo methods and population-targeted manipulation of neurons has dramatically propelled this development. In recent years, several key nuclei involved in aggression have been identified. It remains unknown, however, how the intermale aggression circuit is organized to structure a coherent, stereotyped behavior with a clear ethological function. Previous work has implicated activation of PMv in intermale encounters, yet its role in aggression has remained unidentified 16, 18 . Here we show that PMv DAT neurons are a central component of this circuit, with the animal's behavioral responsiveness to PMv DAT manipulation depending on its aggression phenotype (AGG versus NON). Our experiments established a link between PMv DAT neuronal activity and aggression levels. In vitro electrophysiology experiments identify a synergy of regenerative membrane properties and network-driven excitation from both within and outside of the PMv as a compelling candidate for a neural mechanism of hysteresis in aggression, with PMv DAT neurons equipped to amplify brief excitatory input into long bouts of activity. Further work is necessary to determine the extent to which such amplifying mechanisms operate in the intact brain and how they relate to the expression of aggression in animals. Individually, each methodology for manipulating or ablating neurons has limitations that merit consideration 44 . Yet the current data were acquired using several complementary techniques on PMv DAT cells and collectively suggest an important role for this neuronal population in aggression.
In vivo activation, inactivation, and lesion studies demonstrate a causal role for PMv DAT neurons in both the attack and reward features of aggression. We functionally identified that activation of the PMv DAT neuron projection to VMHvl specifically elicits attack, whereas activation of the PMv DAT projection to SuM specifically induces reward rather than aggressive behavior. While the reward component mediated via the PMv DAT cell activation is not specific to aggression, as activation of PMv DAT neurons also modulated cocaine CPP, the current work pinpoints two components of aggressive behavior with overlapping temporal expression whose shared neural point of origin was previously unidentified 45, 46 . Lastly, we demonstrated that PMv DAT neurons are directly relevant for the ethological purpose of intermale aggressive behavior, i.e., the establishment of dominion and dominance [47] [48] [49] . We showed that a social relationship-the hierarchical status between two males-can be acutely manipulated by interfering with PMv DAT activity with long-lasting consequences. While these experiments offer insight into how plasticity of social relationships can be achieved by strengthening or weakening specific neural circuits, they are constrained by the limitations that laboratory housing imposes on mouse intermale social structure, which is different from that found in populations in the wild 47, 48 . Aggression defines social structures throughout the animal kingdom, including those of humans. The present study identifies the PMv DAT neuronal population as a critical component of the circuit that organizes and shapes this fundamental behavior. Whether the role of PMv DAT neurons also extends to other forms of aggression, such as predatory or maternal aggression 1 , remains to be investigated. Our own and previous 18 findings of PMv DAT neuron activation in the intruder in the RI test suggest the possibility of PMv DAT neuron involvement in defensive aggression. Future studies will need to determine the potential for adaptive changes in the neural circuit underlying aggression and hierarchy under specific physiological demands and hormonal and neuromodulatory influences, and, critically, further investigate the context in which such manipulations can have an impact on social rank.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41593-018-0153-x.
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NATuRe NeuRoScIeNce Methods Animals. All animal experiments had received approval from the local ethical board, Stockholms Norra Djurförsöksetiska Nämnd, and were performed in accordance with the European Communities Council Directive of November 24, 1986 (86/609/EEC). Wild-type mice with C57BL/6J and BALB/c background were used, in addition to previously generated C57BL/6J Slc6a
Cre (DAT-Cre) knockin 50 and loxP-flanked tdTomato mice (The Jackson Laboratory, strain datasheet 007909). Animals were grouped-housed, up to five per cage, in a temperaturecontrolled (23 °C) and humidity-controlled (55%) environment, on a 12 h light, 12 h dark cycle with ad libitum access to food and water. Cages were changed on a weekly basis.
In situ hybridization. DAT-Cre-loxP-flanked-tdTomato mice were killed by decapitation, and the brains were rapidly removed and frozen on dry ice. We cut 10-µ m-thick coronal sections using a cryostat and thaw-mounted them onto SuperFrost glass slides. Sections were fixed in 4% PFA for 15 min at 4 °C and then dehydrated through incubation in 50% EtOH (1 × 5 min), 70% EtOH (1 × 5 min) and lastly 100% EtOH (2 × 5 min). Slides were air-dried for 10 min and a hydrophobic barrier was created around each section using the ImmEdge pen (Vector Laboratories). In situ hybridization was performed using a modification of the RNAScope ( 12 genomic copies per mL. The control groups in optogenetic were injected with 400 nL of AAV5-EF1a-DIO-eYFP-WPRE-hGH (Addgene 27056), 5.82 × 10 12 genomic copies per mL. The ChR2, eNpHR3, and eYFP AAV5 were prepared by the University of Pennsylvania Vector Core. For targeted cell ablation of DAT + PMv neurons, animals were injected in PMv with 300 nL of AAV5-EF1a-DIO-mCherry-dtA, 3.46 × 10 12 genomic copies per mL, and the AAV5-dta was prepared by the viral vector core at the University of North Carolina. Viral injections were performed bilaterally unless stated otherwise. Control injections of the Cre dependent viral constructs were performed in C57 wild-type mice; no fluorophore expression was detected in these animals (n = 12).
Stereotactic surgery and viral gene transfer. Adult DAT-Cre mice of 3 to 6 months age (sexually inexperienced) were stereotactically injected with a virus and, when purposed implanted with fiber implants for in vivo optogenetic behavior experiments, and were individually housed for 2 weeks postsurgery. Animals were anesthetized with isoflurane (1-5%) and placed in a stereotaxic frame (David Kopf Instruments). Virus was injected into the PMv bilaterally using a pulledglass capillary (World Precision Instruments) by nanoliter pressure injection at a flow rate of 50 nL per min (Micro4 controller, World Precision Instruments; Nanojector II, Drummond Scientific). Stereotactic injection coordinates to target the PMv were obtained from the Paxinos and Franklin atlas (bregma, -2.45 mm; midline, ± 0.6 mm; dorsal surface, -5.5 mm). Ferrules and fiber-optic patch cords were purchased from Thorlabs and Doric Lenses respectively. The virus-injected animals were housed individually in a reversed light/dark room during a 2-to 4-week recovery period, and then examined behaviorally and histologically.
Optogenetics. In optogenetic experiments, subjects were coupled via a ferrule patch cord to a ferrule on the head of the mouse using a zirconia split sleeve (Doric Lenses). The optical fiber was connected to a laser (447 nm for ChR2; 635 nm for eNpHR3; CNI-MLL-III-447-200-5-LED and CNI-MLL-III-635-200-5-LED, CNI lasers 200 mW) via a fiber-optic rotary joint (FRJ_1 × 1_FC-FC, Doric Lenses) to avoid twisting of the cable caused by the animal's movement. After a testing session, DAT-Cre animals were uncoupled from the fiber-optic cable and returned to a housing room. The frequency and duration of photostimulation were controlled using custom-written LabView software. Laser power was controlled by dialing an analog knob on the power supply of the laser sources. Light power was measured from the tip of the ferrule in the patch cord before being installed in the brain (the ferrule-connector system) at different laser output settings, using an optical power and energy meter and a photodiode power sensor (Thorlabs). Upon identification of the fiber placement coordinates in brain tissue slides, irradiance (light intensity) was calculated using the brain tissue light transmission calculator (http://www.stanford.edu/group/dlab/cgi-bin/graph/chart.php) using laser power measured at the tip and the distance from the tip to the target brain region measured by histology. Animals showing no detectable viral expression in the target region and/or ectopic fiber placement were excluded from analysis. In some experiments, animals were photostimulated with a train of 473 nm light (20 Hz, 5 ms, 5 min) 45 min before perfusion in the absence of an intruder at an intensity that had evoked a behavioral phenotype in the final testing session. Then, brain sections were immunohistochemically labeled for c-Fos to identify optogenetically activated cells.
Behavioral tests. All behavioral tests were performed during the dark phase and under dim red light between 1 h after initiation of the dark phase and 2 h before initiation of the light phase. Mice were acclimated to the testing facility for 1 h before testing. Behaviors were recorded using a digital video recording unit and scored using EthoVision (Noldus Information Technology).
Open field test (OFT).
OFTs were performed in a white acrylic glass box (45 × 45 × 40 cm) with an overhead lamp directed to the center of the field, providing 120 lx of illumination on the floor of the arena. Each mouse was placed in the corner of the apparatus and locomotion parameters were recorded for 20 min. All subjects went through a single 5-min session before the OFT day for acclimatization.
Elevated plus maze (EPM).
The EPM test was performed using a polyvinyl chloride maze comprising a central part (5 × 5 cm), two opposing open arms (32.5 × 5 cm each), and two opposing closed arms (32.5 × 5 × 32.5 cm each). The apparatus was set to a height of 50 cm, and the open arms were provided with uniform overhead illumination of 6 lx. Mice were placed in an open arm, close to the center and facing the closed arms, and video recordings were performed for a total duration of 20 min. A day before the test, mice were placed in the arena for a total duration of 5 min for acclimatization.
Resident-intruder (RI) test. RI tests were initiated at 2 to 4 weeks postsurgery and repeated weekly for 2 to 5 weeks. Mouse cages were not cleaned for a minimum of 3 d before the behavioral test. One to three intruders were individually introduced to a DAT-Cre mouse in a testing session in a random order with respect to gender, with a 5 min interval between intruders. The strains of intruders were: intact males, castrated males, ovariectomized females (BALB/c and C57BL/6J), and females in estrus (stage of cycle was defined by inspection of vaginal smears, performed on the day of the experiment). Subjects involved in the RI test were exposed to three experimental days of the test, resulting in multiple measurements per resident per type of intruder.
ChR2-mediated activation in RI.
After the introduction of an intruder, a virus-injected animal (AGG or NON) was recorded for 3-10 min to assess baseline behavior toward each intruder. The baseline recording was followed by photostimulation trials (maximum 20 min in duration) with varying irradiance (intensity), stimulation intervals, distance, orientation, and recent behavior history of the two animals at the onset of photostimulation. The AAV5-DIOeYFP-injected and AAV5-DIO-ChR2-injected experimental animals were processed in random order.
eNpHR3-mediated silencing in RI. DAT-Cre AGG males expressing eNpHR3 or control eYFP were introduced to one to four male intruders in three acclimation sessions without photostimulation to assess baseline aggression as well as to augment aggressiveness. Testing sessions were initiated with recordings in the absence of laser stimulation to assess baseline behavior toward each intruder on the day of the experiment. In photostimulation trials, irradiance (intensity) ranging from 3.4 to 21.7 mW/mm 2 was delivered continuously in varying intervals (typically 2-10 s) depending on the phase of the resident-intruder interaction. To examine whether photostimulation during charging stopped escalation to attack, residents were photostimulated during body realignment to gain access to the back of the intruder.
Real-time place-preference and -aversion. Mice were placed in a custom-made behavioral arena (35 × 35 × 25 cm black acrylic glass) for 15 min. In experiments of ChR2 stimulation, the least-preferred chamber was assigned as the stimulation side. In experiments of eNpHR3 stimulation, the preferred chamber was assigned as the stimulation side. The mouse was placed in the nonstimulated side at the onset of the experiment and constant laser stimulation was delivered each time the mouse crossed into the stimulation side of the chamber until the mouse moved back into the nonstimulation side (20 Hz 5 ms for ChR2, continuous for eNpHR3).
Aggression CPP. The aggression CPP protocol was used as described previously 10, 51 . It consisted of three phases. The first phase was a pretest session during which animals freely explored the three-chamber area. AGGs with no individual preference for any of the three chambers were further used. The second phase was a 3-d acquisition phase, during which animals were exposed to the Articles NATuRe NeuRoScIeNce intruder-paired chamber and the nonpaired chamber twice daily, alternating the sessions in consecutive days. In the last phase, the test day was composed of a morning and an afternoon session, 2 h apart. In the morning session, the developed CPP was assessed in all animals with no stimulation, and the afternoon session was a repetition of the morning session under the exact same conditions but with photostimulation. This allowed for paired comparisons among individuals and an additional control step, validating that the intruder-paired chamber induced CPP in all subjects. Analysis of the time duration in each chamber was used to identify CPP to the intruder-paired chamber. For optogenetic experiments, photostimulation was performed throughout the duration of the test (20 min) at 10 Hz, 5 ms using a laser power output per individual that had been previously shown to evoke attack in RI tests or real-time place-preference in RTPP tests. Additionally, locomotion parameters were assessed to control for exploratory behavior, and were found equal among groups. Behavioral analysis of aggression CPP was performed by comparison of (i) the duration of stay (% and in seconds) in the intruder-paired chamber in the pretest vs. test with no stimulation vs. test with stimulation; (ii) normalized CPP (the test with no stimulation phase duration spent in the intruder-paired chamber divided by the pretest phase duration spent in the intruder-paired chamber, and similarly, the test with stimulation phase duration spent in the intruder-paired chamber divided by the pretest duration spent in the intruder-paired chamber); and lastly, (3) subtracted CPP (test with stimulation phase duration spent in the intruder-paired chamber minus the test with no stimulation phase duration spent in the intruder-paired chamber).
Cocaine CPP. The cocaine CPP protocol consisted of three phases. The first phase (pretest) was performed to assess the lack of predetermined preference to any of the three chambers of the CPP arena. The second phase included the CPP acquisition and consisted of two successive days with four conditioning trials in total. The morning (between 9:00 a.m. and 11:00 a.m.) and afternoon (between 3:00 p.m. and 5:00 p.m.) sessions consisted of mice confined to one chamber for 20 min, paired with an intraperitoneal injection of cocaine (10 mg/kg) or saline; the afternoon session was counterbalanced with saline or cocaine. The third phase was the test day, and included a morning session during which the developed CPP was assessed in all animals with no stimulation, and the afternoon session was a repetition of the morning session under the exact same conditions but with photostimulation. This allowed for paired comparisons among individuals and an additional control step, validating the cocaine-paired chamber induced CPP in all subjects. Analysis of the time duration in each chamber was used to identify CPP to the cocaine-paired chamber. For optogenetic experiments, photostimulation was performed throughout the duration of the test (20 min) at 10 Hz, 5 ms using a laser power output per individual that had been previously shown to evoke attack in RI tests or real-time place-preference in RTPP tests. Lastly, locomotion parameters were assessed to control for exploratory behavior and were found equal among groups. We purchased (-)-cocaine hydrochloride (RTI log no: 12295-1022-38 C) from RTI International, NIDA, NIH, USA.
Hierarchy corridor test (HCT).
Behavioral tests were initiated at 3 to 4 weeks postsurgery and were repeated for the defined behavioral sampling days of our protocol. Only AGGs were involved in these experiments. To assess the validity of the test in assessing hierarchy, 12 pairs performed baseline repeated sessions upon which the robustness of the test was characterized ( Supplementary Fig. 12a,b) . The HCT arena was custom-made, and composed of a long narrow corridor 1 m in length and of variable width. The width was adjusted for every mouse pair entering the HCT challenge, depending on the weight/size of the subjects and was typically 28 mm. The corridor was lit with dim red light by a 1-m-long LED strip placed below the total length of the corridor. At each end of the corridor two antechambers (12 × 20 × 20 cm) were attached with a closed gate. Upon vertical retraction of the gate, the subjects gained access to the corridor, which they traversed until reaching the midpoint where a second gate was present. Upon both subjects reaching the center of the corridor, the midpoint gate was retracted vertically and subjects' social interaction was monitored. The end of a duel was defined as the point when the body of one of the two mice was fully displaced from the corridor while the body of the other mouse was still present in the corridor. A duel typically lasted 40 s, after which mice were replaced to their initial position/ room. A short delay (~2 min) was imposed between consecutive sessions. Each session, before, during, and after stimulation, was composed of 5 trials. Pairs in the HCT tests included a heavier-weight, dominant eNpHR3 + subject and a lighter, ChR2
+ subordinate ( Supplementary Fig. 12c ); net body weight difference was 8 ± 0.81 g. Suitable dominant/subordinate pairs for the HCT were identified from pre-existing groups of ChR2-eYFP-and eNpHR3-eYFP-transduced AGGs. All mice went through a habituation session in the HCT arena before initiation of the HCT, where they freely explored the arena space with all gates open and in the absence of another mouse, gaining experience of space and the three different HCT compartments. Mice used in the HCT had no preference for any of the chambers (Supplementary Fig. 12d ).
Brain slice electrophysiology. Acute slices of the mediobasal hypothalamus were prepared from adult DAT-tdTomato mice (own breeding) that had been previously identified by aggression phenotype in the RI test. Slices were cut on a vibratome (Leica VT1000S) to 250-μ m thickness and continuously perfused with oxygenated aCSF containing (in mM): 127 NaCl, 2.0 KCl, 1.2 NaH 2 PO 4 , 26 NaHCO 3 , 1.3 MgCl 2 , 2.4 CaCl 2 , and 10 d-glucose, at room temperature during recording. Each slice was exposed only to a single bath application of pharmacological compounds and was used for a single experiment. Whole-cell current-and voltageclamp recordings were performed with micropipettes filled with intracellular solution containing (in mM), 140 potassium-gluconate, 10 KCl, 10 HEPES, 10 EGTA, and 2 Na 2 ATP (pH 7.3), with KOH. Recordings were performed using a Multiclamp 700B amplifier, a DigiData 1440 digitizer, and pClamp10.2 software (Molecular Devices). Slow and fast capacitive components were automatically compensated for. Access resistance was monitored throughout the experiments, and neurons in which the series resistance exceeded 15 MΩ or changed ≥ 20% were excluded from the statistics. Liquid junction potential was 16.4 mV and not compensated for. The recorded current was sampled at 20 kHz and filtered at 2 kHz.
For in vitro optogenetics during slice whole-cell recordings, photostimulation was generated through a 3.4-W 447-nm or 632-nm LED mounted on the microscope oculars and delivered through the objective lens. Photostimulation was controlled via the analog outputs of a DigiData 1440 A, enabling control over the duration and intensity. The photostimulation diameter through the objective lens was ~350 μ m with illumination intensity typically scaled to 3 mW/mm 2 . Reagents used in slice electrophysiology experiments; Neurobiotin tracer (Vector Laboratories) was used in combination with streptavidin, DyLight 405-conjugated (21831 Thermo Scientific) or Avidin-FITC . TTX was purchased from Alomone Labs. CNQX, AP5, SR 95531 (gabazine), ML-218 hydrochloride, and ZD-7288 were purchased from Tocris, and 4AP was purchased from Sigma. Matlab and OriginPro8 were used for electrophysiological data analysis. 
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Data collection
In vitro electrophysiology data were collected in Clampex 10.8. Behavioural data were collected using IC capture cameras from imaging source, recording both top and side view. Confocal images were taken using the ZEN software from ZEISS.
Data analysis
In vitro electrophysiology data were analyzed in Clampfit 10.8, OriginPro 8.5 and Matlab using the signal processing toolbox. Behavioural data were scored with Ethovision XT 10. Statistical tests on data sets were performed with GraphPad Prism 6.
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Sample size
Sample sizes are estimated based on previous physiological studies using similar animal models to guarantee statistical relevance. Considering the typical variance of mouse social behaviour, we estimated that an n=10-20 animals per group allows for at least 80% statistical power when using the appropriate statistical test. Histological quantitative analyses was performed on similar group sizes to previous studies, typically with an n=10. Electrophysiological data for individual groups were collected from a minimum of n=3 mice. No further sample size calculation was performed.
Data exclusions Animals injected with AAV and part of the behavioural optogenetics experiments, showing no detectable viral expression in the target region and/or ectopic fiber placement upon post-hoc histological examination were excluded from analysis.
In electrophysiology whole-cell patch clamp recordings, access resistance was monitored throughout the experiments, and neurons in which the series resistance exceeded 15 MΩ or changed ≥20% were excluded from the statistics.
Replication
Behavioral experimental findings were reproduced in duplicates or triplicates and among individuals of a group. Electrophysiology and anatomy findings were replicable within groups.
Randomization Randomization was performed in the majority of experimental designs in the current study. Randomization was performed during behavioral data collection. Male mice from the same litter were allocated in different experimental groups. Randomization was performed during electrophysiology data collection presented in Figure 1 .
Blinding
Behavioural data collection and analysis was performed blind to experimental conditions. Anatomy data analysis but not tissue collection was blinded. Electrophysiological data sampling and analysis was not blinded, with the exception of all whole-cell patch clamp datasets presented in Figure 1 .
